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Semliki Forest virus (SFV), an enveloped alphavirus, infects cells via a membrane fusion reaction that is induced by the low
pH in endocytic vesicles. The role of low pH in the entry of the alphavirus Sindbis virus (SIN) is unclear, and an alternative
fusion mechanism involving receptor-induced disulfide bond rearrangements at neutral pH has been proposed. The entry
properties of SFV and SIN were here compared in parallel using treatment with the weak base NH4Cl or the vacuolar ATPase
inhibitors bafilomycin A-1 or concanamycin to neutralize endosome pH. Three membrane impermeant thiol modifying
reagents, 5,59-dithio-bis(2-nitrobenzoic acid) (DTNB), p-chloromercuriphenylsulfonic acid (pCMBS), and monobromotrimeth-
ylammoniobimane (Thiolyte MQ), were used to inhibit thiol–disulfide exchange reactions. Primary infection by both SFV and
SIN was inhibited by neutralization of endosome pH using NH4Cl, bafilomycin, or concanamycin. The concentration of NH4Cl
or bafilomycin required for inhibition correlated with the pH dependence of membrane fusion for SFV, SIN, and a pH-shift
mutant of SFV. SFV and SIN infection were partially inhibited by the thiol blocker DTNB, but not by pCMBS or Thiolyte MQ.
Our data suggest that acidic endosomal pH induces the fusion activity of both SFV and SIN during virus infection. © 1998
Academic Press
INTRODUCTION
Enveloped viruses use membrane fusion to transfer
their genomes from the interior of the virus particle to the
host cell cytoplasm. This critical fusion between the virus
membrane and the cell membrane is mediated by the
virus spike protein and occurs either within the acid pH
environment of cellular endocytic vesicles, as exempli-
fied by influenza virus (Wiley and Skehel, 1987; White,
1992), or at the plasma membrane, as illustrated by
Sendai virus and HIV-1 (Berger, 1997). The actual virus
membrane fusion event is believed to be triggered by the
insertion of a hydrophobic “fusion peptide” into the target
cell membrane (White, 1990). The release of this fusion
peptide from its normally inactive position within the
spike protein is induced either by exposure to mildly
acidic pH for low pH-dependent viruses (Wiley and Ske-
hel, 1987; White, 1992; Hughson, 1995) or by interactions
with the viral receptor and/or coreceptor for pH-indepen-
dent viruses (Hernandez et al., 1997; Berger, 1997).
Alphaviruses are small, spherical, enveloped RNA vi-
ruses with T 5 4 icosahedrally symmetrical arrange-
ments of both their spike and capsid proteins (see
Strauss and Strauss, 1994; Kielian, 1995; Schlesinger and
Schlesinger, 1986, for review). There are 26 members of
the alphavirus family, including Semliki Forest virus (SFV)2
and Sindbis virus (SIN), two alphaviruses that have been
characterized extensively in studies of virus entry, repli-
cation, assembly, and structure. The alphavirus spike is
a trimer composed of three sets of E1 and E2 transmem-
brane subunits of about 50 kDa each, paired in a strong
but noncovalent heterodimer interaction. E2 is synthe-
sized as a precursor, termed p62 (SFV) or PE2 (SIN),
which is cleaved while en route to the site of virus
budding at the plasma membrane. Cleavage yields ma-
ture E2 and also E3, a nonmembrane spanning polypep-
tide of about 10 kDa. Although E3 is retained in the spike
structure of SFV particles, it is released following cleav-
age of the SIN PE2 subunit and is not found in the mature
SIN virion (Mayne et al., 1984).
SFV was the first virus shown to enter cells via endo-
cytosis and low pH-mediated membrane fusion (Hele-
nius et al., 1980). Extensive experimental data indicate
that the entry pathway of SFV involves virus binding to
receptors on the plasma membrane, receptor-mediated
endocytic uptake, exposure to the mildly acidic environ-
ment of prelysosomal endosomes, low pH-dependent
conformational changes within the SFV spike protein,
fusion of the virus and endosome membranes, and re-
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lease of the viral nucleocapsid into the cytoplasm (re-
viewed in Kielian, 1995; Garoff et al., 1994; Kielian, 1993;
Kielian and Helenius, 1986). As expected for a virus with
an endosomal entry pathway, lysosomotropic weak
bases and ionophores such as monensin, which raise
the pH of endocytic organelles, prevent the required low
pH-dependent spike protein conformational changes
and inhibit SFV fusion and infection. Recent studies have
shown that specific inhibitors of the vacuolar proton
ATPase, bafilomycin A-1, and concanamycin (Drose and
Altendorf, 1997) also prevent infection by SFV as well as
by the low pH-dependent influenza and vesicular stoma-
titis viruses (Pe´rez and Carrasco, 1994; Guinea and
Carrasco, 1994; Palokangas et al., 1994). A prediction of
the endocytic entry mechanism is that viruses with a
lower pH threshold for fusion would be more sensitive to
inhibition by agents that neutralize endosomal pH, since
a lower concentration of weak base, for example, would
be required to raise endosome pH above the fusion
threshold. The pH threshold for wt SFV fusion with either
cell plasma membranes or protein-free artificial lipo-
somes is ; 6.2, and fusion is complete within seconds at
37°C (Bron et al., 1993; Justman et al., 1993). The SFV
mutant fus-1 has a more acidic pH threshold of ;5.3–5.6
for liposome and plasma membrane fusion and also
requires this lower pH to trigger its spike protein confor-
mational changes (Kielian et al., 1984; Glomb-Reinmund
and Kielian, 1998; Schmid et al., 1989). The intracellular
release of fus-1 nucleocapsids is slower than that of wt
SFV and correlates with the gradual acidification of en-
dosomes to a pH low enough to trigger wt vs fus-1 fusion
(Kielian et al., 1986; Schmid et al., 1989). Consistent with
endocytic entry, infection by the more acid pH-requiring
fus-1 is more sensitive to inhibition by weak bases, and
revertants of fus-1 that regain the wt fusion pH threshold
also regain the wt weak base sensitivity and show the wt
kinetics of entry (Kielian et al.,1984, 1986; Glomb-Rein-
mund and Kielian, 1998).
In contrast to the endocytic, low pH-dependent entry
pathway of SFV, it has been proposed that entry of SIN
into cells occurs by a mechanism independent of low pH
(see Brown and Edwards, 1992, for review). Experiments
indicated that the weak bases chloroquine and ammo-
nium chloride have little effect on the formation of SIN
infectious centers or establishment of homologous inter-
ference and that where these agents do inhibit progeny
virus production, it is at a step postinfection (Coombs et
al., 1981; Cassell et al., 1984). A CHO cell mutant tem-
perature sensitive for endosome acidification was also
shown to be equally infectable by SIN at either the
permissive or the nonpermissive temperature (Edwards
and Brown, 1991). Furthermore, use of E1- and E2-spe-
cific monoclonal antibodies has shown conformational
changes in SIN spikes at the cell surface prior to endo-
cytosis (Flynn et al., 1990), suggesting the entry process
may begin at the cell surface and be induced by virus–
receptor contacts. In the context of these experiments,
an entry model for SIN was proposed (Abell and Brown,
1993; Brown and Edwards, 1992) in which SIN binding to
the plasma membrane receptor places a constraint on
the spike protein, making key disulfide bonds in E1 more
susceptible or accessible to thiol–disulfide exchange
reactions. Such disulfide shuffling reorganizes the SIN
spike protein shell to permit virus–plasma membrane
fusion, without a requirement for endocytosis or low pH.
Consistent with this model, SIN-induced polykaryon for-
mation is enhanced by the presence of the reducing
agent 2-mercaptoethanol, a disulfide exchange promo-
tor, while SIN infection is partially inhibited by 5,59-dithio-
bis(2-nitrobenzoic acid) (DTNB), a thiol akylating agent
and exchange inhibitor (Abell and Brown, 1993). The
effect of these agents on SFV infection and fusion was
not tested.
This sulfhydryl-dependent SIN entry mechanism has fea-
tures similar to models proposed for the entry of diptheria
toxin (DT) (Mandel et al., 1993; Ryser et al., 1991) and HIV-1
(Ryser et al., 1994) into cells. Both intoxication of cells by DT
and infection by HIV-1 are inhibited by membrane-imper-
meant sulfhydryl reagents, which appear to act by blocking
thiol–disulfide interchange reactions taking place at the
plasma membrane at neutral pH. Three general sulfhydryl-
interacting reagents, DTNB, p-chloromercuriphenylsulfonic
acid (pCMBS), and monobromotrimethylammoniobimane
(Thiolyte MQ), were found to be inhibitory in these studies.
One explanation for the potential difference between
the entry of SFV and SIN could be that mature SFV
contains E3, while SIN virus does not. The presence of
the E3 subunit in SFV could restrict fusion to low pH
conditions, while the absence of E3 in SIN could permit
membrane fusion at neutral pH. To distinguish inherent
virus differences from differences in experimental sys-
tems, we compared the entry properties of the two vi-
ruses in parallel, assaying their sensitivities to a variety
of inhibitors of thiol–disulfide exchange reactions or en-
dosome acidification. Our results argue that both viruses
infect cells by a similar mechanism involving low pH-
triggered fusion.
RESULTS
In order to determine the relative roles of disulfide
shuffling and low pH in alphavirus infection, we exam-
ined and compared the entry properties of SFV and SIN.
To follow entry, we quantitated an early event in virus
infection, the synthesis of actinomycin D (ACD)-resistant
virus-specific RNAs. Since SFV and SIN penetrate and
infect cells within the first hour after virus addition, in-
hibitors were tested for specific effects on entry and
fusion by treating cells with inhibitors during virus bind-
ing to the plasma membrane in the cold (preentry), dur-
ing a 1-h incubation with virus at 37°C (during entry), or
during a 30-min further incubation at 37°C (postentry).
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The level of virus infection of the cells was then quanti-
tated by following [3H]uridine incorporation into virus
RNA. Using this protocol, potential effects of various
inhibitors on virus entry could be evaluated in the ab-
sence of complicating effects on later steps in virus
replication such as spike protein biosynthesis. As test
viruses, we used our well-characterized wt SFV stock
(Glomb-Reinmund and Kielian, 1998), and a widely used
Sindbis virus strain derived from the Toto 1101 infectious
clone (Rice et al., 1987).
Three membrane-impermeable, general inhibitors of
thiol–disulfide exchange reactions were used in our
studies. These reagents have previously been shown to
significantly inhibit DT and HIV-1 entry at concentrations
similar to those used in our experiments (Mandel et al.,
1993; Ryser et al., 1991, 1994) and are all small com-
pounds of about 400 Da. DTNB (1 mM) caused no inhi-
bition of SFV or SIN infection when included during the
preinfection or postinfection periods, but inhibited both
SFV and SIN infection by ;40% when cells were treated
during entry (Table 1). This is in general agreement with
the studies of Brown and co-workers, who found that 1
mM DTNB specifically inhibited SIN entry by about 40%,
when corrected for the 20% inhibition of SIN infection by
treatment either pre- or postentry (Abell and Brown,
1993). By comparison, 1 mM DTNB was found to inhibit
HIV-1 infection by ;80% (Ryser et al., 1994) and DT
toxicity by 94% (Ryser et al., 1991). Treatment of cells with
1 mM Thiolyte MQ preentry, during, or postentry caused
no significant inhibition of either SFV or SIN infection
(Table 1). This concentration of Thiolyte MQ inhibits
HIV-1 infection by 88% (Ryser et al., 1994). When reduced
glutathione was used as a substrate (see Materials and
Methods), the same lot of Thiolyte MQ was found to be
active under similar experimental conditions, arguing
that the lack of Thiolyte MQ inhibition of virus entry was
not due to a loss of reactivity with sulfhydryl groups.
pCMBS (0.1 mM) caused moderate inhibition of SFV and
SIN infection, but inhibition did not appear specific for
the viral entry step, since preincubation inhibited ;25–
35%, postincubation of SIN inhibited ;30%, and treat-
ment during entry inhibited ;50–60% (Table 1). This
concentration of pCMBS was shown to inhibit DT entry
by 68% (Ryser et al., 1991). Cellular RNA synthesis was
unaffected by treatment for 1 h at 37°C with any of the
inhibitors, ruling out nonspecific effects on cell viability
or RNA synthesis (data not shown).
Of the disulfide exchange blockers tested, only DTNB
showed significant specific inhibition of SFV and SIN
entry. Treatment of SFV or SIN virus stocks with DTNB for
60 min at 37°C had no effect on subsequent virus infec-
tivity (data not shown), excluding an irreversible effect on
virus structure and in agreement with previous studies
on SIN and HIV-1 (Abell and Brown, 1993; Ryser et al.,
1994). The effect of DTNB treatment on endocytic uptake
of radiolabeled SFV was tested to determine its potential
role in decreased virus infection. 35S-SFV was bound to
cells on ice, the cultures incubated at 37°C for various
times in the presence or absence of 1 mM DTNB, and
internalized, protease-resistant virus radioactivity quan-
titated (Fig. 1A). A level of 1 mM DTNB had no effect on
the kinetics of virus uptake, consistent with studies eval-
uating the effects of DTNB and pCMBS on the cellular
uptake of 35S-mannose-6-phosphate enzymes (Ryser et
al., 1991). Thus, DTNB treatment partially inhibits SFV
and SIN infection without affecting virus-receptor binding
or endocytosis. The inhibition of infection, however, is
not observed using two other general blockers of thiol–
disulfide exchange reactions.
The role of endosomal acidity in SFV and SIN infection
was then evaluated by treatment with NH4Cl, a weak
base widely used in studies of the role of vacuolar low
pH. Treatment with 15 mM NH4Cl inhibited both SFV and
SIN infection by .90% when added during the viral entry
step (Table 2). No inhibition of infection by either virus
resulted from preincubation before entry, in agreement
with the rapid reversibility of NH4Cl endosomal neutral-
ization (Ohkuma and Poole, 1978), or from postentry
incubation. Treatment of cells with 15 mM NH4Cl did not
affect cell viability or cellular RNA synthesis (data not
shown). These data are consistent with previous reports
on specific SFV inhibition by a variety of weak bases
(Kielian et al., 1984; Helenius et al., 1980, 1982). In an
experiment similar to that described above for DTNB,
treatment with 15 mM NH4Cl was found to have no effect
on the kinetics of endocytic uptake of radiolabeled SFV
TABLE 1
Effect of Sulfhydryl Blockers on SFV and SIN Infection
Inhibitor Virus
% Control infection following
inhibitor treatment:
Preentry During entry Postentry
DTNB (1.0 mM) SFV 117 6 20 64 6 11 102 6 18
SIN 97 6 14 57 6 20 83 6 11
Thiolyte MQ (1.0 mM) SFV 109 6 3 123 6 19 116 6 9
SIN 105 6 23 109 6 5 111 6 17
pCMBS (0.1 mM) SFV 78 6 38 53 6 12 100 6 18
SIN 65 6 29 41 6 11 71 6 26
Note. The effect of sulfhydryl blocking reagents on SFV and SIN virus
infection was determined by quantitating the ACD-insensitive incorpo-
ration of [3H]uridine into virus RNA. Virus (1 pfu/cell) was bound to BHK
cells for 1 h at 4°C on ice with shaking. Preentry samples were treated
with inhibitor during the binding step. After binding, the cells were
washed on ice, then incubated in the presence or absence of inhibitor
at 37°C for 1 h to permit virus entry. Cells were washed and incubated
with 2 mg/ml ACD at 37°C for 30 min. The postentry samples were
treated with inhibitor during this incubation period, followed by labeling
of all samples with [3H]uridine for 3.5 h in the presence of ACD. The
data are expressed as the percentage of [3H]uridine incorporation
compared to that of untreated control infected cells and are the means
of two to three separate experiments. The standard deviation of the
means of triplicate experiments is given following the 6 symbol.
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(Fig. 1B). This is in agreement with a previous study
showing that 15 mM NH4Cl did not influence endocytic
uptake at a single time point (Marsh and Helenius, 1980).
Thus, these data are consistent with an effect of NH4Cl
on endosome pH during the entry of both SFV and SIN.
As an independent means of neutralizing endosomal
pH, two specific inhibitors of the vacuolar proton ATPase,
bafilomycin A1 and concanamycin, were evaluated for
their effects on SFV and SIN infection. Infection by both
viruses was completely blocked by treatment with 200
nM bafilomycin A-1 during entry (Table 2). This result
agrees with previous studies demonstrating inhibition of
infection by SFV, vesicular stomatitis virus, and influenza
virus by treatment with 30–500 nM bafilomycin A-1 (Palo-
kangas et al., 1994; Pe´rez and Carrasco, 1994). Inhibition
also resulted from preentry treatment (Table 2), presum-
ably due to the reported tight binding and slow dissoci-
ation of bafilomycin from the vacuolar ATPase (Hanada
et al., 1990; Drose and Altendorf, 1997). We found that the
inhibition of SFV infection caused by pretreating cells
with 200 nM bafilomycin was not reversed by an addi-
tional 60-min incubation in bafilomycin-free medium prior
to infection (data not shown). No significant inhibition
was observed for either SFV or SIN when cells were
treated postentry with bafilomycin (Table 2) or from direct
bafilomycin treatment of SFV or SIN virus (data not
shown). Concanamycin A, a more potent inhibitor of the
vacuolar ATPase (Drose and Altendorf, 1997), completely
inhibited both SFV and SIN infection when added at
concentrations of 20 nM either prior to or during entry
(Table 2), in agreement with previous studies of concana-
mycin’s effects on SFV infection (Guinea and Carrasco,
1994; Irurzun et al., 1997). No inhibition resulted from
treatment postentry. These concentrations of NH4Cl,
bafilomycin, or concanamycin did not affect cell viability
or cellular RNA synthesis (data not shown). All three of
these endosomal acidification inhibitors thus have a sig-
nificant and direct inhibitory effect on both SFV and SIN
infection.
Inhibition of SFV infection by NH4Cl was previously
shown to be dependent on the pH threshold for virus
fusion. An SFV mutant, fus-1, with a more acidic fusion
threshold is more sensitive to inhibition by this and other
TABLE 2
Effect of Endosomal Acidification Inhibitors
on SFV and SIN Infection
Inhibitor Virus
% Control infection following
inhibitor treatment:
Preentry During entry Postentry
NH4Cl (15 mM) SFV 103 6 4 12 6 1 106 6 14
SIN 110 6 1 6 6 3 111 6 6
Bafilomycin A-1 SFV 1 6 0.1 0 6 0 91 6 14
(200 nM) SIN 0 6 0 0 6 0 90 6 20
Concanamycin SFV 6 1 84
(20 nM) SIN 0 0 90
Note. The effect of endosomal acidification inhibitors on SFV and SIN
virus infection was determined by quantitating the ACD-insensitive
incorporation of [3H]uridine into virus RNA, as described in Table 1. The
data are expressed as the percentage of [3H]uridine incorporation
compared to that of untreated control infected cells and are the means
of two to three separate experiments. The standard deviation of the
means of triplicate experiments is given following the 6 symbol.
FIG. 1. Effect of NH4Cl and DTNB on endocytic uptake of SFV.
35S-labeled SFV was prebound to BHK cells on ice, and duplicate
plates were warmed to 37°C in the presence or absence of 1mM DTNB
(A) or 15 mM NH4Cl (B). At the indicated time points, nonendocytosed
virus was removed by treating cells with Proteinase K, and the pro-
tease-resistant cell-associated virus radioactivity was determined by
scintillation counting. Values represent the average of two separate
experiments, and bars equal the ranges.
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weak bases (Kielian et al., 1984, 1986; Glomb-Reinmund
and Kielian, 1998). The inhibition of SIN, fus-1, and SFV
infection by various concentrations of NH4Cl and bafilo-
mycin A-1 was compared in parallel (Fig. 2). Inhibitors
were added to cells 15 min prior to addition of virus and
maintained for 90 min during virus entry. Infection occur-
ing specifically during this entry period was then quan-
titated by [3H]uridine labeling in the presence of 15 mM
NH4Cl to prevent secondary infection. Greater than 90%
inhibition of infection by all three viruses was obtained
by treatment with ;12.5 mM NH4Cl or 10 nM bafilomycin.
Interestingly, SIN infection was significantly more sensi-
tive to NH4Cl and bafilomycin than SFV infection, with
half-maximal inhibition at concentrations of ;2.5 mM
NH4Cl for SIN and ;7.5 mM for SFV, and ;2.5 nM
bafilomycin for SIN versus ;4 nM for SFV. Inhibition of
SIN infection by two acidification blockers thus displayed
a similar concentration dependence as inhibition of fus-1
infection (Fig. 2).
The fus-1 mutant has a pH threshold of ;pH 5.3–5.6
for virus-induced polykaryon formation, virus-plasma
membrane fusion, and virus-liposome fusion, compared
to the wt SFV pH threshold of ;pH 6.2 (Kielian et al.,
1984). The increased sensitivity of SIN infection to inhi-
bition by NH4Cl and bafilomycin predicted that, similar to
fus-1, the SIN membrane fusion threshold was more
acidic than the fusion threshold of wt SFV. As an inde-
pendent test of this prediction, we examined the pH
dependence of virus-induced polykaryon formation.
Cells were infected with SFV or SIN at 1 pfu/cell and
incubated at 28°C for 18 h. At this point, indirect immu-
nofluorescence showed that greater than 90% of the
cells were expressing abundant cell surface SIN or SFV
spike glycoproteins in the absence of cytopathic effects
(data not shown). The cells were then treated at the
indicated pH for 3 min at 37°C, incubated for an addi-
tional hour to allow for morphological changes resulting
from cell–cell fusion, and evaluated by light microscopy
for polykaryon formation. The pH threshold for syncitia
formation by SIN was ;pH 5.6 compared to ;pH 6.2 for
SFV (Fig. 3). Thus, the pH dependence of SIN fusion
correlates with its sensitivity to inhibition by NH4Cl and
bafilomycin.
DISCUSSION
The role of low pH in the infectious entry pathway of SIN
has been questioned in several studies. SIN and SFV in-
duce efficient cell–cell fusion that is routinely scored by
treating cells briefly at low pH and then culturing at neutral
pH. This led to a proposal that SIN fusion is a two-step
process requiring a return to neutral pH (Edwards and
Brown, 1986). While virus-induced polykaryon formation is a
simple and frequently useful assay of virus fusion, it is
evaluated by the changes in cellular morphology that occur
after the primary fusion event. Reagents or conditions can
therefore lead to apparent effects on fusion that are in fact
due to secondary effects on the morphological reorganiza-
tion of the cells. Thus, the apparent inhibition of cell–cell
FIG. 2. Sensitivity of SFV, fus-1, and SIN infection to endosomal
acidification inhibitors. BHK cells were pretreated with the indicated
concentrations of (A) NH4Cl or (B) Bafilomycin A-1 for 15 min at 37°C
and then infected with SFV, SIN, or fus-1 at a multipliciy of 1 pfu/cell for
1.5 h at 37°C in the continued presence of inhibitor. Postinfection, all
cells were treated with 2 mg/ml ACD and 15 mM NH4Cl for 30 min and
then labeled for 3.5 h with [3H]uridine in this medium. [3H]uridine
incorporation into viral RNA was expressed as percentage incorpora-
tion compared to control cells infected in the absence of inhibitors.
Values represent the average of two experiments for both A and B, and
bars represent the ranges.
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fusion when cells are maintained at acid pH is likely to be
a secondary effect on the morphological rearrangement. In
suppport of this, insect cell cultures that are more tolerant
to an acid pH culture medium than mammalian cells have
been shown to undergo efficient SFV-induced cell–cell fu-
sion when maintained at pH 6.0 (Omar et al., 1986), and
extensive in vitro data have demonstrated rapid and effi-
cient SFV fusion with both cell membranes and protein-free
artificial liposomes at acid pH (reviewed in Kielian, 1993,
1995; Garoff et al., 1994). In other studies, chloroquine and
ammonium chloride were reported to have little effect on
the formation of SIN infectious centers or the establishment
of homologous interference (Coombs et al., 1981; Cassell et
al., 1984). In contrast, we found that an early step in both
SFV and SIN infection, RNA replication, was efficiently in-
hibited by the addition of ammonium chloride during virus
entry (Table 2, Fig. 2). Inhibition was highly reproducible,
and its concentration dependence correlated with the pH
threshold of virus-induced cell–cell fusion. Prior studies
also found that chloroquine and ammonium chloride could
repress progeny virus production when added after infec-
tion (Coombs et al., 1981; Cassell et al., 1984). Studies of
membrane protein biosynthesis have shown that neutral-
ization of vacuolar pH can affect transport and processing
in the Golgi and trans-Golgi network due to the acidic pH
present in at least a subset of these membrane compart-
ments (Mellman et al., 1986). Thus, acidification inhibitors
can have misleading secondary effects on virus replication
even for viruses that clearly fuse at neutral pH, and it is
important to differentiate such effects from any early inhi-
bition of virus entry. Notably, we demonstrated efficient and
concentration-dependent inhibition of SFV and SIN primary
infection by ammonium chloride treatment during the virus
entry step, even when the subsequent labeling of virus RNA
for all samples was carried out in the presence of 15 mM
ammonium chloride, a concentration sufficient to block in-
fection if added at the time of entry (Fig. 2). Bafilomycin and
concanamycin, two reagents that prevent endosome acid-
ification via a different mechanism than the weak bases,
also inhibited both SFV and SIN entry, and again the con-
centration dependence of inhibition correlated with the pH
threshold of virus fusion (Table 2, Fig. 2). These results thus
clearly support a low pH-dependent entry pathway for both
SIN and SFV. The lack of inhibition in the previous SIN
studies using chloroquine and ammonium chloride could
be due to differences in the pH of the medium used for
infection, as the active concentration of weak base is de-
termined by the concentration of its unprotonated form
(Kielian and Helenius, 1986). Previous results using a CHO
cell mutant defective in endosome acidification reported
that SIN virus gave equivalent infection at either the per-
missive or the nonpermissive temperature (Edwards and
Brown, 1991). However, such ts cell mutants show substan-
tial penetrance of the acidification defect at the permissive
temperature (Marnell et al., 1984; Schmid et al., 1989), and
thus it is important to also compare mutant cell infection to
infection of wt cells as well as to note that endosome
acidification is not completely inhibited even at the nonper-
missive temperature (Schmid et al., 1989). Notably, studies
from two independent groups did detect inhibition of SIN
infection in similar CHO mutants (Robbins et al., 1984;
Moehring and Moehring, 1983). Thus, SIN and SFV appear
to have similar acid-dependent membrane fusion activities.
The kinetics of SFV fusion have been correlated with
the kinetics of spike protein conformational changes,
both in vitro and during virus entry into cells (reviewed in
Kielian, 1993, 1995; Garoff et al., 1994). Following expo-
sure to low pH, the normally tight association of the
E1/E2 dimer is altered, permitting subunit separation in
nonionic detergent (Wahlberg and Garoff, 1992). Next, E1
changes conformation, exposing previously masked an-
tigenic epitopes and forming a stable homotrimer that is
highly trypsin-resistant (Wahlberg and Garoff, 1992;
Wahlberg et al., 1992). Formation of the E1 homotrimer
appears critical for fusion, as a mutation in the virus
fusion peptide prevents E1 homotrimerization and blocks
fusion (Kielian et al., 1996). The virus associates with the
target membrane lipid bilayer via interaction of the E1
subunit, presumably through the putative fusion peptide
on E1 (Klimjack et al., 1994). There is a lag period fol-
FIG. 3. The pH dependence of virus-induced cell fusion. BHK cells
were infected with SFV or SIN at a multiplicity of 1 pfu/cell and
incubated for 18 h at 28°C to permit abundant spike protein surface
expression. Cells were then treated at the indicated pH for 3 min at
37°C to trigger cell–cell fusion and incubated for an additional hour at
neutral pH to allow for morphological changes resulting from cell–cell
fusion. Cells were then fixed and stained with Giemsa, and polykaryon
formation was evaluated by light microscopy. The results are the
average of two experiments, expressed as the percentage of cells that
were multinucleated.
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lowing virus–membrane association, suggesting further
spike protein rearrangements (Bron et al., 1993). The
fusion reaction is then completed by the mixing of the
virus and target membrane bilayers and the release of
the virus nucleocapsid into the cell cytoplasm or lipo-
some lumen.
Studies of SFV have demonstrated that the exact pH
threshold of fusion can be affected by amino acid alter-
ations on either the E1 or the E2 subunits. Mutations that
prevent p62 cleavage (Salminen et al., 1992) or the fus-1
mutation, a change of E2 threonine 123isoleucine (Glomb-
Reinmund and Kielian, 1998), cause a considerably more
acidic fusion threshold. These mutations act to increase the
stability of the E1/E2 dimer, preventing its dissociation until
a more acidic pH and thus causing a lower pH threshold for
subsequent conformational changes including E1 homotri-
merization. Several mutations within the E1 fusion peptide
resulted in a more acidic pH requirement for fusion (Levy-
Mintz and Kielian, 1991; Kielian et al., 1996). These fusion
peptide mutants have a less stable E1/E2 dimer, but show
a markedly more acidic pH threshold for E1 trimerization
and target membrane association (Kielian et al., 1996).
Thus, similar to results with influenza virus (Wiley and Ske-
hel, 1987), multiple spike protein interactions are probably
involved in the control of the overall pH dependence of SFV
fusion.
Our current results demonstrate that the Toto 1101 SIN
strain has a fairly acidic cell–cell fusion threshold, compa-
rable to that of the fus-1 SFV mutant. Numerous sequence
differences between Toto 1101 and other SIN virus strains
have been reported in the literature, and it is not clear
which may be important in controlling the pH dependence
of fusion (Polo et al., 1988). A SIN strain with increased
neurovirulence showed a more acidic fusion threshold than
a nonneuroadapted strain, with 50% fusion occurring at pH
5.5 instead of at pH 6.0 (Boggs et al., 1989). The fusion/
neurovirulence phenotype is due to two mutations on the
E1 subunit, valine723 alanine and glycine3133 aspartate.
For two different SIN strains, a correlation was found be-
tween the pH threshold of polykaryon formation and the pH
required to trigger a conformational change in the SIN
spike protein, detected as the exposure of mAb binding
sites that are also revealed during virus entry (Meyer et al.,
1992). Taken together, the available data on SFV and Sind-
bis suggests that the pH dependence of the Toto 1101
membrane fusion reaction is controlled by the pH required
to trigger the spike protein conformational changes in-
volved in fusion.
What is the evidence for a role of disulfide exchange
reactions in SIN and SFV infection and fusion? The im-
portance of disulfide bonds in SFV structure and function
was demonstrated by Kaluza and Pauli (1980), who ob-
served that reduction of virus led to exposure of anti-
genic epitopes hidden in the mature virion and eventu-
ally to the loss of infectivity. Omar and Koblet (1989)
observed that E1 showed increased accessibility to sul-
fite labeling following acid treatment, and they proposed
a possible role for low pH and disulfide exchange reac-
tions in SFV fusion. Abell and Brown (1993) then sug-
gested a model for SIN entry in which thiol–disulfide
exchange reactions would play a critical role, but would
be triggered by virus–receptor binding, not low pH. The
model was based in part on the finding that cells treated
with acid pH for 5 h showed increased polykaryon for-
mation when b-mercaptoethanol was included in the
incubation medium. Inclusion of b-mercaptoethanol also
appeared to enhance fusion when cells were treated at
acid pH and then shifted to neutral pH. As discussed
above, however, virus-induced cell–cell fusion is scored
by the morphological reorganization of the cells. Thus
the apparent inhibition of cell–cell fusion when cells are
maintained at acid pH, and its release by the inclusion of
b-mercaptoethanol, could be secondary effects on the
morphological rearrangement. The other evidence for a
role of disulfide exchange reactions in SIN infection is
that DTNB treatment inhibited SIN infection when
present during the virus entry step, a result that we have
reproduced here using SFV and SIN. However, we found
that treatment during the virus entry step with pCMBS
and Thiolyte MQ, two other reagents that should similarly
target cell–surface sulfhydryls, did not substantially or
specifically inhibit SFV or SIN infection. Notably, these
agents have been shown to have significant effects on
entry of DT or HIV-1 infection, as discussed above. Thus
we failed to detect a specific role for thiol–disulfide
exchange reactions in SFV or SIN infection.
The first step in SIN or SFV infection is binding of the
virus to the receptor on the host cell plasma membrane.
The highly efficient fusion of SFV with protein-free artifi-
cial liposomes at low pH suggests that the virus receptor
is needed to mediate the initial binding and endocytic
uptake of the virus by the cell, but that fusion of the virus
within the acid environment of the endosome can then
occur without a requirement for the virus receptor. On the
other hand, a requirement for low pH in fusion does not
rule out additional steps in the fusion reaction, perhaps
involving virus–receptor interactions. However, our data
suggest that low pH within the endosome is physiolog-
ically important for activating the fusion reaction of both
SFV and SIN during virus infection of cells.
MATERIALS AND METHODS
Viruses
The wt SFV stock used for these studies was previously
plaque-purified and is our prototype wt virus (Glomb-Rein-
mund and Kielian, 1998). The wt SIN stock was derived from
the Toto 1101 Sindbis virus infectious clone (Rice et al.,
1987) and obtained from the laboratory of Dr. Richard Kuhn
(Purdue University). The pH conditional SFV mutant, fus-1,
has been extensively characterized as having a more acidic
fusion threshold (Kielian et al., 1984; Glomb-Reinmund and
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Kielian, 1998). All virus stocks were propagated by low
multiplicity infection of BHK cells and stored at 280°C in
MEM containing 0.2% BSA and 10mM HEPES buffer, pH 7.4
(Kielian et al., 1984). [35S]methionine/cysteine labeled SFV
was prepared and purified as described previously (Kielian
et al., 1984).
Cell culture and chemical reagents
BHK-21 cells were cultured as previously described
(Vashishtha et al., 1998). Medium A was Eagle’s MEM
with 10 mM HEPES, pH 7.0, and containing 0.2% BSA
unless indicated. R-medium was RPMI 1640 prepared
without bicarbonate and with 10 mM HEPES, pH 7.0, and
containing 0.2% BSA unless indicated.
5,59-dithio-bis(2-nitrobenzoic acid) (DTNB or Ellman’s re-
agent, Sigma Chemical Co, St. Louis, MO) was prepared
freshly as a 10 mM stock in R-medium with sonication and
diluted to 1 mM in R-medium, pH 6.8. p-chloromercuriph-
enylsulfonic acid (pCMBS, Sigma Chemical Co.) was pre-
pared just prior to use as a 1 mM stock in PBS and diluted
to 0.1 mM in R-medium or Medium A. Thiolyte MQ (mono-
bromotrimethylammoniobimane; Calbiochem, San Diego,
CA), which is known to have a half-life of 4 h in aqueous
solution, was prepared as a 1 mM working stock in R-
medium (6 BSA) or Medium A (6 BSA), pH 7.2, immediately
before use. The activity of Thiolyte MQ was confirmed by
allowing it to react with an equimolar concentration of
glutathione in the same medium as used for the virus
experiments in Table 1. The fluorescence of derivitized
glutathione was quantitated using a Perkin–Elmer LS 5B
fluorometer with excitation and emission wavelengths of
375 and 482 nm, respectively (Kosower and Kosower, 1987).
The reaction was complete within 5 min, the earliest time
point tested, and an eightfold increase in fluorescence was
observed compared to the background in medium without
glutathione.
NH4Cl was prepared as a 1.5 M stock in distilled H2O
and diluted into either R-medium or Medium A. Since the
concentration of the unprotonated ammonia is the active
species in endosome neutralization, these media were
adjusted to pH 7.4. The specific vacuolar-type H1ATPase
inhibitors bafilomycin A1 and concanaycin A (Kamiya
Biomedical, Seattle WA) were stored at 220°C as 100
mM stocks in DMSO and diluted to the indicated final
concentrations in R-medium or Medium A, pH 7.0. The
final concentration of DMSO was ,1% and controls con-
tained comparable amounts of DMSO. Actinomycin D
(Sigma Chemical Co.) was prepared as a 1mg/ml stock
in distilled H2O and stored at 270°C. [5,6-
3H]uridine
(ICN, Irvine, CA) was stored in 50% ethanol at 4°C.
Viral RNA synthesis assay
The effects of various inhibitors on SFV and SIN infec-
tion were assayed by quantitating virus RNA synthesis
(Helenius et al., 1982; Glomb-Reinmund and Kielian,
1998). BHK cells were grown to confluency in 24-well
trays and washed twice with ice-cold R-medium 6 BSA.
Virus (1 pfu/cell) was bound to cells on ice in R-me-
dium 6 BSA at the indicated pH for 1 h with shaking. This
amount of virus was determined to be in the linear range
of [3H]uridine incorporation vs multiplicity of infection
(data not shown). The preentry samples were treated
with inhibitors during this binding step. The cells were
then washed with ice-cold R-medium 6 BSA, then incu-
bated in appropriate media (R-media 6 BSA for DTNB
studies, Medium A 6 BSA for Thiolyte MQ, pCMBS, and
endosomal acidification inhibitors) for 1 h at 37°C to
permit endocytosis (during entry). The cells were then
washed and incubated with 2 mg ACD/ml for 30 min at
37°C, in the presence of inhibitors as indicated (posten-
try), washed with Medium A , and labeled for 3.5 h with
10 mCi/ml [3H]uridine in the presence of 2 mg/ml ACD. To
harvest, cells were placed on ice, washed twice with
PBS, fixed with 1 ml of ice-cold 10% TCA for 1 h, washed
with 0.5 ml cold 5% TCA, and lysed at room temperature
with 0.5 ml 0.1 M KOH for 30 min. Radioactivity in the cell
lysates was determined by liquid scintillation counting.
All samples were run in triplicate, and [3H]uridine incor-
poration was calculated as percentage incorporation
compared to cells infected in the absence of inhibitors.
The extent of inhibition in our experiments remained the
same when DTNB or Thiolyte MQ treatment was per-
formed in the presence or absence of 0.2% BSA (data not
shown). Direct effects of DTNB or bafilomycin on virus
were determined by treatment of SFV or SIN stocks with
1 mM DTNB or 200 nM bafilomycin A-1 for 60 min at
37°C in serum-free medium, followed by dilution and
assay of infectivity by [3H]uridine incorporation. Effects of
the inhibitors on cell viability were determined by treat-
ing uninfected cells with inhibitors for 1 h at 37°C
and measuring cellular RNA synthesis by labeling with
[3H]uridine in the absence of ACD.
Concentration dependence of inhibition by endosomal
acidification inhibitors
The viral RNA synthesis assay was used to compare
the sensitivity of viruses to acidification inhibitors (Kielian
et al., 1984). Cells were preincubated with various con-
centrations of NH4Cl or bafilomycin A-1 for 15 min at
37°C in R-medium, pH 7.4, and infected with virus at a
multiplicity of 1 pfu/cell for 90 min at 37°C in the contin-
ued presence of NH4Cl or bafilomycin A-1. Cells were
then treated for 30 min with 2 mg/ml ACD and 15 mM
NH4Cl to inhibit cellular RNA synthesis and secondary
infection, labeled for 3.5 h in the presence of 2 mg/ml
ACD and 15 mM NH4Cl, and harvested as above.
Endocytosis assay
The influence of 1 mM DTNB and 15 mM NH4Cl on the
kinetics of endocytosis of SFV by BHK cells was deter-
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mined (Marsh and Helenius, 1980). Briefly, 35S-labeled
SFV in R-media, pH 6.8, was prebound to BHK cells for
1 h on ice with shaking. The cells were warmed to 37°C
for various periods to permit endocytosis, in 2 ml R-
medium, pH 6.8, with or without 1 mM DTNB, or R-
medium, pH 7.2, with or without 15 mM NH4Cl. The pH of
the media was chosen to prevent base inactivation of
DTNB and optimal activity of NH4Cl (Kielian and Hele-
nius, 1986). Nonendocytosed virus was removed by di-
gestion with 0.5 mg/ml proteinase K at 4°C for 45 min
with shaking, and the internalized protease-resistant vi-
rus radioactivity was quantitated by liquid scintillation
counting (Marsh and Helenius, 1980). Control cells were
incubated identically except in the absence of inhibitor.
Virus-induced cell–cell fusion
The pH dependence of polykaryon formation by SFV
and SIN was determined by infecting BHK cells at 1
pfu/cell in Medium A for 18 h at 28°C. Infected cells were
washed twice on ice with fusion medium (R media con-
taining 10 mM MES and 10 mM sodium succinate) at pH
7.0. Cells were treated for 3 min at 37°C in 2 ml of fusion
medium at the indicated pH and returned to fusion me-
dium at pH 7.0 on ice. To allow for morphological
changes following cell–cell fusion, the cells were then
incubated at 37°C for 1 h in DMEM, pH 7.0. Cells were
stained with Giemsa (Kielian et al., 1984), evaluated by
light microscopy, and scored for the percentage of cells
that were multinucleated.
ACKNOWLEDGMENTS
We thank Anna Ahn for technical assistance, the members of our
laboratory for helpful discussions and suggestions, and Dr. Duncan
Wilson and the members of our laboratory for critical reading of the
manuscript. We thank Dr. Richard Kuhn of Purdue University for pro-
viding Toto 1101, sequence information, and helpful suggestions. This
work was supported by grants to M.K. from the Public Health Service
(GM52929), by the Hirschl Charitable Trust, by the Jack K. and Helen B.
Lazar fellowship in Cell Biology, and by Cancer Center Core Support
Grant NIH/NCI P30-CA13330. S.G.-R. was supported by NIH Training
Grant 2T32 CA09173-15. Data in this paper are from a thesis submitted
in partial fulfillment of the requirements for the Degree of Doctor of
Philosophy in the Sue Golding Graduate Division of Medical Sciences,
Albert Einstein College of Medicine, Yeshiva University.
REFERENCES
Abell, B. A., and Brown, D. T. (1993). Sindbis virus membrane fusion is
mediated by reduction of glycoprotein disulfide bridges at the cell
surface. J. Virol. 67, 5496–5501.
Berger, E. A. (1997). HIV entry and tropism: The chemokine receptor
connection. AIDS 11(Suppl. A), S3–S16.
Boggs, W. M., Hahn, C. S., Strauss, E. G., Strauss, J. H., and Griffin, D. E.
(1989). Low pH-dependent Sindbis virus-induced fusion of BHK cells:
Differences between strains correlate with amino acid changes in
the E1 glycoprotein. Virology 169, 485–488.
Bron, R., Wahlberg, J. M., Garoff, H., and Wilschut, J. (1993). Membrane
fusion of Semliki Forest virus in a model system: Correlation between
fusion kinetics and structural changes in the envelope glycoprotein.
EMBO J. 12, 693–701.
Brown, D. T., and Edwards, J. (1992). Structural changes in alphaviruses
accompanying the process of membrane penetration. Semin. Virol. 3,
519–527.
Cassell, S., Edwards, J., and Brown, D. T. (1984). Effects of lysosomo-
tropic weak bases on infection of BHK-21 cells by Sindbis virus.
J. Virol. 52, 857–864.
Coombs, K., Mann, E., Edwards, J., and Brown, D. T. (1981). Effects of
chloroquine and cytochalasin B on the infection of cells by Sindbis
virus and vesicular stomatitis virus. J. Virol. 37, 1060–1065.
Drose, S., and Altendorf, K. (1997). Bafilomycins and concanamycins as
inhibitors of V-ATPases and P-ATPases. J. Exp. Biol. 200, 1–8.
Edwards, J., and Brown, D. T. (1986). Sindbis virus-mediated cell fusion
from without is a two-step event. J. Gen. Virol. 67, 377–380.
Edwards, J., and Brown, D. T. (1991). Sindbis virus infection of a Chinese
hamster ovary cell mutant defective in the acidification of endo-
somes. Virology 182, 28–33.
Flynn, D. C., Meyer, W. J., Mackenzie, J. M., and Johnston, R. E. (1990).
A conformational change in Sindbis virus glycoproteins E1 and E2 is
detected at the plasma membrane as a consequence of early virus-
cell interaction. J. Virol. 64, 3643–3653.
Garoff, H., Wilschut, J., Liljestro¨m, P., Wahlberg, J. M., Bron, R., Suoma-
lainen, M., Smyth, J., Salminen, A., Barth, B. U., and Zhao, H. (1994).
Assembly and entry mechanisms of Semliki Forest virus. Arch. Virol.
9, 329–338.
Glomb-Reinmund, S., and Kielian, M. (1998). fus-1, a pH-shift mutant of
Semliki Forest virus, acts by altering spike subunit interactions via a
mutation in the E2 subunit. J. Virol. 72, 4281–4287.
Guinea, R., and Carrasco, L. (1994). Concanamycin A: A powerful
inhibitor of enveloped animal virus entry into cells. Biochem. Bio-
phys. Res. Commun. 201, 1270–1278.
Hanada, H., Moriyama, Y., Maede, M., and Futai, M. (1990). Kinetic
studies of chromaffin granule H1-ATPase and effects of bafilomycin
A1. Biochem. Biophys. Res. Commun. 170, 873–878.
Helenius, A., Kartenbeck, J., Simons, K., and Fries, E. (1980). On the
entry of Semliki Forest virus into BHK-21 cells. J. Cell Biol. 84,
404–420.
Helenius, A., Marsh, M., and White, J. (1982). Inhibition of Semliki Forest
virus penetration by lysosomotropic weak bases. J. Gen. Virol. 58,
47–61.
Hernandez, L. D., Peters, R. J., Delos, S. E., Young, J. A. T., Agard, D. A.,
and White, J. M. (1997). Activation of a retroviral membrane fusion
protein: Soluble receptor-induced liposome binding of the ALSV
envelope glycoprotein. J. Cell Biol. 139, 1455–1464.
Hughson, F. M. (1995). Structural characterization of viral fusion pro-
teins. Curr. Biol. 5, 265–274.
Irurzun, A., Nieva, J. L., and Carrasco, L. (1997). Entry of Semliki Forest
virus into cells: Effects of concanamycin A and nigericin on viral
membrane fusion and infection. Virology 227, 488–492.
Justman, J., Klimjack, M. R., and Kielian, M. (1993). Role of spike protein
conformational changes in fusion of Semliki Forest virus. J. Virol. 67,
7597–7607.
Kaluza, G., and Pauli, G. (1980). The influence of intramolecular disul-
fide bonds on the structure and function of Semliki Forest virus
membrane glycoproteins. Virology 102, 300–309.
Kielian, M. (1993). In “Viral Fusion Mechanisms” (J. Bentz, Ed.), pp.
385–412. CRC Press, Boca Raton, FL.
Kielian, M. (1995). Membrane fusion and the alphavirus life cycle. Adv.
Virus Res. 45, 113–151.
Kielian, M. and Helenius, A. (1986). In “The Togaviridae and Flaviviridae”
(S. Schlesinger and M. J. Schlesinger, Eds.), pp. 91–119. Plenum, New
York.
Kielian, M., Klimjack, M. R., Ghosh, S., and Duffus, W. A. (1996). Mech-
anisms of mutations inhibiting fusion and infection by Semliki Forest
virus. J. Cell Biol. 134, 863–872.
Kielian, M. C., Kera¨nen, S., Ka¨a¨ria¨inen, L., and Helenius, A. (1984).
380 GLOMB-REINMUND AND KIELIAN
Membrane fusion mutants of Semliki Forest virus. J. Cell Biol. 98,
139–145.
Kielian, M. C., Marsh, M., and Helenius, A. (1986). Kinetics of endosome
acidification detected by mutant and wild-type Semliki Forest virus.
EMBO J. 5, 3103–3109.
Klimjack, M. R., Jeffrey, S., and Kielian, M. (1994). Membrane and protein
interactions of a soluble form of the Semliki Forest virus fusion
protein. J. Virol. 68, 6940–6946.
Kosower, N. S., and Kosower, E. M. (1987). Thiol labeling with bromo-
bimanes. Methods Enzymol. 143, 76–84.
Levy-Mintz, P., and Kielian, M. (1991). Mutagenesis of the putative
fusion domain of the Semliki Forest virus spike protein. J. Virol. 65,
4292–4300.
Mandel, R., Ryser, H. J. -P., Ghani, F., Wu, M., and Peak, D. (1993).
Inhibition of a reductive function of the plasma membrane by baci-
tracin and antibodies against protein disulfide-isomerase. Proc. Natl.
Acad. Sci. USA 90, 4112–4116.
Marnell, M. H., Mathis, L. S., Stookey, M., Shia, S. P., Stone, D. K., and
Draper, R. K. (1984). A Chinese Hamster Ovary cell mutant with a
heat-sensitive, conditional-lethal defect in vacuolar function. J. Cell
Biol. 99, 1907–1916.
Marsh, M., and Helenius, A. (1980). Adsorptive endocytosis of Semliki
Forest virus. J. Mol. Biol. 142, 439–454.
Mayne, J. T., Rice, C. M., Strauss, E. G., Hunkapiller, M. W., and Strauss,
J. H. (1984). Biochemical studies of the maturation of the small
Sindbis virus glycoprotein E3. Virology 134, 338–357.
Mellman, I., Fuchs, R., and Helenius, A. (1986). Acidification of the
endocytic and exocytic pathways. Annu. Rev. Biochem. 55, 663–700.
Meyer, W. J., Gidwitz, S., Ayers, V. K., Schoepp, R. J., and Johnston, R. E.
(1992). Conformational alteration of Sindbis virion glycoproteins in-
duced by heat, reducing agents, or low pH. J. Virol. 66, 3504–3513.
Moehring, J. M., and Moehring, T. J. (1983). Strains of CHO-K1 cells
resistant to Pseudomonas exotoxin A and cross-resistant to diphthe-
ria toxin and viruses. Infect. Immunol. 41, 998–1009.
Ohkuma, S., and Poole, B. (1978). Fluorescence probe measurement of
the intralysosomal pH in living cells and the perturbation of pH by
various agents. Proc. Natl. Acad. Sci. USA 75, 3327–3331.
Omar, A., Flaviano, A., Kohler, U., and Koblet, H. (1986). Fusion of
Semliki Forest virus infected Aedes albopictus cells at low pH is a
fusion from within. Arch. Virol. 89, 145–159.
Omar, A., and Koblet, H. (1989). The use of sulfite to study the mecha-
nism of membrane fusion induced by E1 of Semliki Forest virus.
Virology 168, 177–179.
Palokangas, H., Metsikko, K., and Va¨a¨na¨nen, K. (1994). Active vacuolar
H1ATPase is required for both the endocytic and exocytic processes
during viral infection of BHK-21 cells. J. Biol. Chem. 269, 17577–
17585.
Polo, J. M., Davis, N. L., Rice, C. M., Huang, H. V., and Johnston, R. E.
(1988). Molecular analysis of Sindbis virus pathogenesis in neonatal
mice by using virus recombinants constructed in vitro. J. Virol. 62,
2124–2133.
Pe´rez, L., and Carrasco, L.(1994). Involvement of the vacuolar H1-
ATPase in animal virus entry. J. Gen. Virol. 75, 2595–2606.
Rice, C. M., Levis, R., Strauss, J. H., and Huang, H. V. (1987). Production
of infectious RNA transcripts from Sindbis virus cDNA clones: Map-
ping of lethal mutations, rescue of a temperature-sensitive marker,
and in vitro mutagenesis to generate defined mutants. Virology 61,
3809–38l9.
Robbins, A. R., Oliver, C., Batemen, J. L., Crag, S. S., Galloway, C. J., and
Mellman, I. (1984). A single mutation in Chinese Hamster Overy cells
impairs both Golgi and endosomal functions. J. Cell Biol. 99, 1296–
1308.
Ryser, H. J. -P., Levy, E. M., Mandel, R., and DiSciullo, G. J. (1994).
Inhibition of human immunodeficiency virus infection by agents that
interfere with thiol-disulfide interchange upon virus-receptor interac-
tion. Proc. Natl. Acad. Sci. USA 91, 4559–4563.
Ryser, H. J. -P., Mandel, R., and Ghani, F. (1991). Cell surface sulfhydryls
are required for the cytotoxicity of diphtheria toxin but not of ricin in
Chinese Hamster Ovary cells. J. Biol. Chem. 266, 18439–18442.
Salminen, A., Wahlberg, J. M., Lobigs, M., Liljestro¨m, P., and Garoff, H.
(1992). Membrane fusion process of Semliki Forest virus. II. Cleav-
age-dependent reorganization of the spike protein complex controls
virus entry. J. Cell Biol. 116, 349–357.
Schlesinger, S. and Schlesinger, M. J., Eds. (1986). “The Togaviridae and
Flaviviridae,” Plenum, New York.
Schmid, S. L., Fuchs, R., Kielian, M., Helenius, A., and Mellman, I. (1989).
Acidification of endosome subpopulations in wild-type Chinese ham-
ster ovary cells and temperature-sensitive acidification-defective
mutants. J. Cell Biol. 108, 1291–1300.
Strauss, J. H., and Strauss, E. G. (1994). The alphaviruses: Gene ex-
pression, replication, and evolution. Microbiol. Rev. 58, 491–562.
Vashishtha, M., Phalen, T., Marquardt, M. T., Ryu, J. S., Ng, A. C., and
Kielian, M. (1998). A single point mutation controls the cholesterol
dependence of Semliki Forest virus entry and exit. J. Cell Biol. 140,
91–99.
Wahlberg, J. M., Bron, R., Wilschut, J., and Garoff, H. (1992). Membrane
fusion of Semliki Forest virus involves homotrimers of the fusion
protein. J. Virol. 66, 7309–7318.
Wahlberg, J. M. and Garoff, H. (1992). Membrane fusion process of
Semliki Forest virus. I. Low pH-induced rearrangement in spike
protein quaternary structure precedes virus penetration into cells.
J. Cell Biol. 116, 339–348.
White, J. M. (1990). Viral and cellular membrane fusion proteins. Annu.
Rev. Physiol. 52, 675–697.
White, J. M. (1992). Membrane fusion. Science 258, 917–924.
Wiley, D. C., and Skehel, J. J. (1987). The structure and function of the
hemagglutinin membrane glycoprotein of influenza virus. Annu. Rev.
Biochem. 56, 365–394.
381COMPARISONS OF ALPHAVIRUS FUSION
